There are great economic incentives motivating the reuse of existing bridge foundations when obsolete, deficient, or deteriorated superstructures are replaced or retrofitted. In many cases, these foundations still have significant functional values. Substantial time and cost savings can be realized when existing foundations are reused, and any capacity obtained from existing elements reduces the need to install costly new elements. While existing foundations have demonstrated load carrying capacity, many also have uncertain properties due to incomplete background information or lack of access for integrity and deterioration evaluation. In some cases, existing foundations may require strengthening, retrofit, or improvements for potentially higher or different loading conditions. This research proposes a simplified and practice-based approach to maximize the usefulness and available capacity of an existing foundation that can meet the target reliability prescribed by modern design codes. This is done by accounting for the static design equations, static load testing on individual piles, information on past loading history, and any load testing performed on the bridge.
Introduction
In recent years, foundation reuse has become an increasingly important topic in the bridge construction industry. Existing foundations supporting deteriorated superstructures often still have functional values even when the superstructure has reached the end of its useful life. There are obvious economic incentives motivating foundation reuse, such as reduced construction time, reduced construction waste and environmental benefits. Accelerated and low traffic-impact construction methods often rely on reusing existing foundations to minimize bridge closure or traffic impacts.
While existing foundations have observed load capacities, the decision to reuse them depends on the reliability of the evaluation of their load capacities and integrity. Plans, calculations, test data, and quality control records of the original construction are rarely complete, and can lack crucial details. As-built conditions which are documented for new construction, such as concrete strength, rebar details, or pile driving data, may not be available or may be unreliable. In many circumstances, the original design capacity is known, but without supporting calculations and testing. Quality control at the time of original construction may have been inferior to modern construction standards, and little to no documentation may exist of construction monitoring. Bridges originally designed using Allowable Strength Design (ASD) methods may need to be updated or completely reanalyzed in accordance with LRFD specifications.
Deterioration can occur to both above and below ground portions of foundations, and is generally difficult to observe and evaluate. Corrosion of steel reinforcement can induce cracking and spalling of the cover concrete, as the crosssectional area of the reinforcement steel converts to rust, expanding and losing strength in the process. Corroded reinforcement doesn't contribute to the capacity, even after damage to the concrete has been repaired. Corrosion of steel elements reduces the cross-sectional area of the element undergoing corrosion. This, in turn, creates uncertainty about the remaining dimensions and capacity. It is common practice in the initial design to assume a sacrificial thickness, but this calculation needs to be revisited during reuse scenarios.
In general, the above issues can all be dealt with through various forms of testing and evaluation of the current conditions. However, performing every possible form of testing and evaluation available is not economically feasible. By understanding how various unknowns and test results impact the reliability of a foundation, engineers can make more objective decisions on the reliability of the foundation capacity for reuse. This paper focuses on the evaluation of the reliability of the capacity of existing pile foundations. Designs based only on static calculations are highly uncertain. Hence, the LRFD code assigns small resistance factors to achieve the appropriate reliability for foundations designed off only these calculations. For new construction, piles are typically tested using static or dynamic methods, providing additional certainty to the design. This allows the use of larger resistance factors during design of such foundations. For existing pile foundations, it is possible to perform static or dynamic testing to determine the capacity for reuse. It is also possible to improve confidence in the reliability of the capacity of existing piles by performing static/dynamic testing on a newly installed test pile near an existing bridge foundation. Another possible approach is to carry out load testing of a bridge that is a candidate for foundation reuse. In this test, truck loads on the bridge can be increased gradually to the targeted load level (with sufficient safety margin) that a reconstructed superstructure is expected to apply on the foundation. The reliability of foundation capacity estimation can be improved by considering any one of these load tests or the past live load history on the bridge, if such a load history has been documented.
The overarching focus of this research is to examine the issues affecting the reliability of the capacity of reused bridge foundations. The objective of this research is to develop a methodology that practicing engineers can use to ensure bridge foundations consisting of partially or entirely reused elements meet the target reliability of the modern LRFD code. This methodology will attempt to account for the observed foundation performance and help engineers identify tests and evaluation procedures needed to ensure a safe performance.
Approach to Foundation Reuse
Existing foundations that are being reused need to satisfy the code requirements for newly designed foundations. However, instead of starting with a clean-sheet design, engineers are tasked with combining information from an array of sources to determine whether an existing foundation can satisfy the code requirements for a new foundation. For a new construction, pile capacity is typically verified using static or dynamic testing. For an existing construction, it may be possible to verify pile performance using static / dynamic or truck load tests, as discussed previously.
It is possible to determine a new resistance factor which considers both the static capacity equations and data from load test discussed above. A method for determining the required factor is given by Zhang and Tang (2002) , and presented in the Accounting for Pile testing section of this paper. Furthermore, the proposed approach can be adapted to update the pile reliability estimation using the knowledge that a foundation has had adequate capacity during its initial use, or during tests discussed above.
Foundation Design Equations
The LRFD Bridge Specifications (AASHTO, 2012) provide resistance factors for deep foundations, as shown in Table 1 below. These factors are used in combination with load factors to achieve appropriate system reliability. For piles, the resistance factors for LRFD range from 0.10 to 0.80. Static and dynamic testing of actual pile resistances allows for the highest resistance factors, since these methods provide actual verification of the capacity. Resistance factors for capacity evaluations based on static and dynamic analyses are in the range of 0.25 to 0.50 and 0.10 to 0.50, respectively. Testing of capacity through dynamic or static measurements allows for a recommended resistance factor between 0.65 and 0.80. 
Reliability Analysis
Reliability analysis fundamentally seeks to provide a probability of failure, given uncertain loading and resistance and is the basis for determining resistance factors in LRFD specifications. A common method of analyzing reliability is to formulate the safety margin, Z, defined as,
where R and Q are resistance and demand, respectively. The failure condition, where the resistance is less than the applied load, is when Z < 0. The probability of this occurrence is the probability of failure, P f , given as,
The probability of failure directly correlates to, and is found from the reliability index, β , which can be simplistically shown as,
where z μ and z σ are the mean and standard deviation of the joint distribution of Z.
The joint distribution of Z is found by combining the marginal distributions of R and Q using (1).
The marginal distribution of Q describes the probabilistic chances of a given load occurring. The loading can be from multiple sources, dead and live load in this example, each having their own probability distributions with corresponding means , LL DL μ μ and standard deviations , DL LL σ σ . These distributions are commonly considered to be log-normal (Nowak, 1999; Paikowsky et al., 2004) . The coderequired loading prediction is not the mean of the loading distribution, and this difference is given with a bias factor, λ. NCHRP 368 (Nowak, 1999) provides values for this bias and Coefficient of Variation (COV), as shown in Table 2 . The marginal distribution of the resistance is more complex. There are inherent uncertainties to the resistance calculation, including material properties, dimensions and modeling uncertainties. Even with the best possible information on the in-situ properties, there will be inherent uncertainties to the resistance. For structural elements, reasonably accurate modeling can be performed, and the uncertainty of the resistance becomes dominated by the variation and uncertainty of the material properties, including those of soil, although modeling uncertainties still exist. Soil properties can vary across even a single bridge site; even an extensive geotechnical investigation only samples an insignificant percentage of the site.
For deep foundations, such as drilled shafts and driven piles, the capacity estimation techniques themselves are somewhat empirical and approximate. Instead of attempting to handle this modeling uncertainty in addition to the soil uncertainties, it makes sense to ignore the variability of the soil properties and focus instead on the distribution of the prediction method, as this will allow all the uncertainty to be lumped into a single distribution. NCHRP 507 (Paikowsky et al., 2004) compares the predicted capacity using various methods to static test results to determine the bias and variation of these predicted capacities in comparison to capacities obtained by static tests.
There has also been extensive research investigating the variability of pile capacities on sites with a single type of pile. Luo (2006) has divided sites into three categories: low variability, medium variability, and high variability. Based on research by Phoon and Kulhawy (1996) , these sites are assumed to have pile capacity COVs of 0.15, 0.25, and 0.35, respectively. Selection of an appropriate variability for a site always requires engineering judgment, since the actual variability of the site will be dependent on the soil variability, the variability of installation techniques, and various other factors that are difficult to quantify. In general, selecting a higher variability will lead to more conservative results. 
